The rod-like and bundle-like γ-LiV 2 O 5 were synthesized via a simple solvothermal processing. The rod-like γ-LiV 2 O 5 with diameter of 500−800 nm and the bundle-like architectures are composed of several of order-attached rods with diameter of 100−600 nm. γ-LiV 2 O 5 were synthesized using LiOH·H 2 O, NH 4 VO 3 , HNO 3 , C 2 H 5 OH without and with PVP as raw materials. At the same time, the actual formation mechanism of γ-LiV 2 O 5 was also investigated. As the cathode materials for lithium ion batteries, the bundle-like γ-LiV 2 O 5 prepared with PVP delivers a better electrochemical performance, which has an initial discharge capacity of 269.3 mAh/g at a current density of 30 mA/g and is still able to achieve 228 mAh/g after the 20th cycle. The good electrochemical properties of the as-synthesized γ-LiV 2 O 5 coupled with the simple, relatively low temperature, and low cost of the preparation method may make this material a promising candidate as a cathode material for lithium ion batteries.
I. INTRODUCTION
Vanadium oxides and their derivatives have attracted much more attention as the electrode materials for rechargeable lithium ion batteries due to their high capacity, low cost, and unique structural [1−9] . Among these materials, vanadium pentoxide (V 2 O 5 ), LiV 3 O 8 and LiV 2 O 5 have been extensively studied [10−12] . As we know, when the graphite is used as the anode material for lithium ion batteries, the cathode materials of lithium ion batteries are made using a lithiated form of the active material [13] . So the V 2 O 5 is not suitable as a cathode material for lithium ion batteries. Furthermore, compared with LiV 3 O 8 , LiV 2 O 5 shows a much higher Li ion diffusion coefficient and electronic conductivity than LiV 3 O 8 and also possesses good electrochemical properties [14] . Therefore, LiV 2 O 5 is a more promising cathode material for lithium ion batteries.
γ-LiV 2 O 5 consists of a puckered layered framework in which Li ions are located between the (VO 5 ) n layers [4] . It has attracted lots of attention in recent years as a low-cost cathode material for lithium ion batteries [1] [2] [3] 15] . However, it is very difficult to prepare γ-LiV 2 O 5 , in which there are two valence states (V 5+ and V 4+ ) of vanadium co-existing [18] . By conventional solidstate reaction [1] • C. Another synthetic method is wet-chemistry method [3] . First the V 2 O 5 is prepared by NH 4 VO 3 , then the V 2 O 5 reacted with appropriate amount of lithium iodide (LiI) in acetonitrile under argon. The γ-LiV 2 O 5 was also prepared by cabonthermal reduction method [15] , using a particulate carbon as a selective and controlled reducing agent, and V 2 O 5 , Li 2 CO 3 as the starting materials, at the reaction temperature of 550−700
• C. One-dimension γ-LiV 2 O 5 nanorods were synthesized using VO 2 (B) nanorods as precursor, by a hydrothermal method then calcined at 300
• C for 10 h under Ar atmosphere [16] . A solvothermal synthesis was developed to obtain γ-LiV 2 O 5 nanorods using LiOH, V 2 O 5 and CH 3 CH 2 OH as the raw materials [17] . We know that the methods mentioned above need higher temperature or the intricate procedures, and the same time, the synthesis method has a great influence on the electrochemical performance of the product. Therefore, much work concerning preparation methods should be done.
Herein, a simple and mild solvothermal method was employed to synthesize γ-LiV 2 O 5 using LiOH·H 2 O, NH 4 VO 3 , absolute C 2 H 5 OH, HNO 3 , and PVP as the starting materials. The rod-like and bundle-like γ-LiV 2 O 5 were selectively prepared, and the electrochemical performance was also studied.
II. EXPERIMENTS
All of the starting materials were of pure analytical grade and used directly without further purification.
Stoichiometric amount of NH 4 VO 3 and LiOH·H 2 O were dissovled in 30 mL absolute ethanol with continuous magnetic stirring, and then 2 mL HNO 3 was added. The resultant yellow solution was transferred into a 50 mL Teflon-lined stainless steel autoclave. The autoclave was sealed and heated at 200
• C for 20 h and then cooled to room temperature naturally. The obtained precipitate was collected by centrifugation and washed with distilled water and ethanol several times. The products were named as sample A. The sample B was synthesized the same as sample A, but PVP was added into the solution.
The samples were analyzed by X-ray diffraction (XRD) employing a Philips X'pert X-ray diffractometer with Cu Kα radiation (λ=0.154178 nm). The scanning electron microscopy (SEM) images were taken by using a field-emitting scanning electron microscope (FESEM, JEOL-JSM-6700F). The transmission electron microscopy (TEM) images were recorded on a Hitachi Model H-7650 transmission electron microscope, using an accelerating voltage of 100 kV. The selected area electron diffraction (SAED) patterns, and highresolution transmission electron microscopy (HRTEM) images were taken on a JEOL-2010 transmission electron microscope with an accelerating voltage of 200 kV.
The electrochemical performance was tested using CR2016 coin cells in which a lithium metal foil was used as the counter electrode. The electrodes were made of the active material (80%), acetylene black (10%) and polyvinylidene fluoride (PVDF) binder (10%) homogeneously mixed in N -methyl pyrrolidinone (NMP) solvent by milling and then coated uniformly on an aluminum foil. Finally, the electrode was dried under vacuum at 120
• C for 12 h before electrochemical evaluation. The electrolyte was 1 mol/L LiPF 6 solution in ethylene carbonate and dimethyl carbonate solution (EC+DMC) (1:1) in volume. The cells were assembled in a glove box filled with highly pure argon gas (O 2 and H 2 O levels <1 ppm), and charge/discharge tests were performed in the potential range of 1.5−4.2 V on a Land CT 2001A automatic battery tester (Wuhan, China).
III. RESULTS AND DISCUSSION
The XRD patterns of the sample A and sample B are shown in Fig.1 (a) and (b) , respectively. It can be found that all the diffraction peaks are identical to those of orthorhombic γ-LiV 2 O 5 according to JCPDS card No.18-0756. No impurity phases are detected from the XRD patterns.
As we know, in our experiment the ethanol acts not only as a solvent but also as a reducing agent [17] , and the HNO 3 acts as a strong oxidizing agent in the synthesis of γ-LiV 2 O 5 powders. To investigate the actual formation mechanism of γ-LiV 2 O 5 , a series of HNO 3 -dependent experiments were conducted. Take the synthetic route of sample A as an example. Stoichiomet- ric amount of NH 4 VO 3 and LiOH·H 2 O were dissovled in 30 mL absolute ethanol with continuous magnetic stirring, and then 0, 0.1, 0.5, and 1.5 mL HNO 3 were added. Figure 2 shows the XRD patterns of the products obtained from HNO 3 -dependent experiments. From Fig.2(a) we can see that all the diffraction peaks are identical to those of tetragonal Li 0.6 V 1.67 O 3.67 ·H 2 O according to JCPDS card 48-1152. It is suggested that without HNO 3 all the V 5+ can reduced to V 4+ . When the amount of the HNO 3 is 0.1 mL, the diffraction peaks are shown in Fig.2(b) . Compared with the Fig.2(a) , a strong diffraction peak at 13.9
• appeared. From Fig.2(c) The morphology of the as-synthesized sample A and B are shown in Fig.3 . The rod-like morphology of sample A is shown in Fig.3(a) , the rods have diameter of 500−800 nm and length up to several tens micrometers. Figure 3(b) shows the SEM image of sample B. It displays that the sample B is uniform bundle-like architecture, which is composed of several tens of orderattached rods with diameter of 100−600 nm. Obviously, the PVP is the key factor for the formation of bundle- like structure and decrease the size of the product.
Further morphological and structural characterizations of the sample A and sample B were carried out using TEM (shown in Fig.4 (a) and (c) ). The corresponding HRTEM images of the sample A and sample B are shown in Fig.4 (b) and (d) . Inset in Fig.4 The result is in accordance with previous reports [16] . The electrode made of sample A delivers an initial discharge capacity of 257.3 mAh/g at a current density of 30 mA/g, while that made of sample B presents an initial discharge capacity of 269.3 mAh/g ( Fig.5(a) ) at the same current density. Figure 5 (b) shows the cycle performance of the samples. It shows that the sample A has a discharge capacity of 170 mAh/g after 20 cycles, corresponding to 66.1% of the initial value. The discharge capacity of sample B keeps at 228 mAh/g, which retains 84.7% of the initial capacity. Therefore, sample B exhibits a better electrochemical performance, which is even superior to the performance reported for γ-LiV 2 O 5 nanorods [19] and LiV 2 O 5 /Ag nanocomposite nanotubes [20] . It may be attributed to the bundle-like morphology of γ-LiV 2 O 5 and the smaller size of the product, which benefits the shorter lithium diffusion path and larger contact area between active material and electrolyte.
IV. CONCLUSION
We have developed a facile hydrothermal reaction process at low temperature for the synthesis of rod-like and bundle-like γ-LiV 2 O 5 . The bundle-like γ-LiV 2 O 5 exhibits a better electrochemical performance, which may be a promising candidate cathode materials for lithium secondary batteries. 
